Unintegrated, circular viral DNA, isolated from Prague A avian sarcoma virus (PrA-ASV)-infected quail cells (QT6), was cloned in the lambda vector XgtWES.
virion 35S RNA, the viral genome was estimated to be 9,100 bases in length. Genome length viral DNA purified from clones XRPA102 and 103 was biologically active. Transfection of chicken embryo cells with viral DNA, in the form of either circles or linear diimers, produced foci of transformed cells within 8 to 10 days. Linear DNA was much less efficient at inducing transformation. Viral DNA from the clone ARPA101 was unable to cause transformation; the basis for this defect is unknown.
Retroviruses represent a unique class of genetic elements which are capable of causing neoplastic transformation of specific tissues in their natural host (2, 13, 29) . Retrovirus replication requires the synthesis of a doublestranded viral DNA intermediate, which becomes covalently integrated into the DNA of the host cell. The analysis of avian cells infected with avian sarcoma viruses (ASVs) has shown that replication of viral DNA commences in the cytoplasm of the cell within 1 h after infection and proceeds first via the synthesis of a linear duplex DNA intermediate followed by the formation of a covalently closed circular form, found exclusively in the nucleus (22) . Linear viral DNA isolated from the cytoplasm of infected cells contains terminally repeated sequences of about 300 base pairs in length and is derived by contiguous transcription ofsequences present at the 5' end (100 nucleotides) and the 3' end (200 nucleotides) of the R1NA genome (15, 16, 21) . Two classes of circular viral DNA have been observed in the nucleus of infected cells. These DNAs differ only in the number of 300-base-pair repeated sequences; smaller circles contain a single copy of the terminal repeat, and larger circles contain two copies of the terminal repeat (15, 21) . The integration of viral DNA into the host DNA appears to take place at a unique position within the terminally repeated sequences and results in an integrated viral DNA with a copy of the terminally repeated sequence on either end (4, 9, 16, 20) .
The analysis of the structure and the biological activity of viral DNA internediates has been greatly hampered by the limited amounts of viral DNA that can be obtained by conventional isolation techniques. The development ofrecombinant DNA technology provides an experimental approach by which Agarose gel electrophoresis, DNA transfer, and hybridization conditions. Restriction fragments were resolved by agarose gel electrophoresis, and, where designated, the DNA was transferred to nitrocellulose filters and hybridized with 32P-ASV complementary DNA (cDNA) as described previously (9, 23) .
Preparation of unintegrated ASV DNA. The quail cell line, QT6 (19) , was infected with PrA-ASV at a multiplicity of 0.5 to 1.0 focus-forming units per cell, and infected cells were harvested after 18 to 20 h. Low-molecular-weight DNA was purified by the method of Hirt (14) . Covalently closed circular DNA (form I DNA) was resolved from linear DNA by centrifugation in cesium chloride propidium diiodide gradients (11) . The distribution of ASV-specific DNA within the gradient was determined by subjecting an aliquot of each gradient fraction to agarose gel electrophoresis, transferring the DNA to nitrocellulose ifiters, and hybridizing with 32P-ASV cDNA. The DNA in fractions containing form I or linear DNA was pooled and ethanol precipitated.
Preparation of phage DNA and purification of vector arms. Escherichia coli DP50 supF or E. coli LE-392 were grown in TB broth and infected with phage as described by Stemnberg et. al (24) . Phage were purified by polyethylene precipitation and banded on CsCl density gradients (24) . The phage band was collected and dialyzed against 100 volumes of 10 mM Tris-hydrochloride (pH 7.6)-10 mM MgSO4. DNA was prepared from the phage by digestion with pronase B (100 ,g/ml) in the presence of 0.5% sodium dodecyl sulfate, followed by phenol extraction and ethanol precipitation. For (26) . DNA was packaged in vitro into phage particles by the procedure of Enquist and Sternberg (7) . Phage suspensions were titrated on E. coli strain DP50 supF. Approximately 103 phage particles were mixed with DP50 supF and plated in a 15-cm dish, and the resultant phage plaques were transferred to nitrocellulose filters as described by Benton and Davis (1). Phage plaques containing viral DNA were identified by hybridization with 32P-ASV cDNA, and virus-specific recombinant phage were plaque purified three times. Single plaques were then amplified in E. coli DP50 supF. Recombinant phage were grown as described above.
Electron microscopy. The formation of R-loops (25) between the DNA from ARPA101 and 36S PrA virion RNA was carried out in a hybridization mix containing 50 jg of DNA per ml, 50,g of RNA per ml, 370C to obtain partial restriction products. The partial EcoRI-digested DNA was subjected to electrophoresis in a 0.75% agarose gel, and the 6.0-megadalton (Md) virus-specific fragment was recovered by electroelution. The purified viral DNA was adjusted to a final DNA concentration of 20 pg/ml and ligated overnight at 10°C with T4 DNA ligase. Ligated DNA was again subjected to agarose gel electrophoresis in the presence of 1 pg of ethidium bromide per ml as described above. DNA was recovered from the bands containing linear, form I, and form II/dimeric DNA by electroelution as described above. Transfection of chicken cells with viral DNA was carried out by a modification (6) of the calcium precipitation method (10) . Viral DNA was suspended in 1.5 ml of HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffered saline containing 40 
RESULTS
Isolation and characterization of recombinant DNA clones. The objective of our cloning experiments was to obtain recombinant DNA clones containing a complete copy of the ASV genome. The experimental approach used was to isolate unintegrated, covalently closed circular viral DNA from QT6 cells infected with PrA-ASV, cleave this DNA at a single site with EcoRI to generate linear viral DNA, and clone this DNA at the EcoRI site in the lambda cloning vector AgtWES *XB. Since circular viral DNA contains three EcoRI sites (four sites in viral DNA containing two copies of the terminal repeat, Fig. 2A ), we employed partial EcoRI digestion to generate genome length (6.0 to 6.2-Md) linear DNA. Partial EcoRI digestion of circular DNA preparations resulted in 60 to 80% of the viral DNA being cleaved to a 6.0-Md linear DNA species, as determined by agarose gel electrophoresis, Southern blotting, and hybridization with a 32P-ASV cDNA (data not shown). This DNA was then ligated with purified EcoRI arms of AgtWES DNA and packaged in vitro (7) , and the resulting phage was plaqued on the E. coli host DP50 supF. Recombinant phage plaques containing virus-specific DNA inserts were identified by hybridization with 32P-ASV cDNA (1).
Three recombinant DNA phages identified in this manner were picked and plaque purified, and the phage DNA was isolated. The recombinant phage were designated ARPA101, -102, and -103, respectively.
Covalently closed circular viral DNA contains either three or four EcoRI sites; therefore partial EcoRI digestion produces genome length (6.0-to 6.2-Md) linear DNA which is circularly permuted. For this reason, it was necessary not only to establish that the three recombinant DNA clones contained a complete copy of the viral DNA genome, but also to determine the-arrangement of viral DNA sequences within each recombinant. This was accomplished by comparing the known restriction enzyme patterns of the A vector and viral DNA isolated from PrA-ASVinfected QT6 cells with the restriction enzyme patterns obtained for the individual recombinant clones. Covalently closed circular DNA from PrA-ASV-infected QT6 cells and ARPA101 DNA were digested with the enzymes EcoRI, BamHI, HindIII, and Sad. The DNA was frac-tionated by agarose gel electrophoresis and transferred to nitrocellulose filters, and virusspecific DNA fragments were identified by annealing with 32P-labeled ASV cDNA (Fig. 1) . A comparison of the viral DNA fragments generated by digestion of the DNAs with EcoRI (Fig.  1, lanes 3 and 4) revealed that all of the viral fragments present in circular PrA DNA were also present in ARPA101 DNA. We did not observe the small 300-base-pair EcoRI fragment which would have been generated from a viral DNA insert containing more than a single copy of the terminally repeated sequence (data not shown). These data indicated that ARPA101 contained a complete copy of the viral genome. To determine the linear arrangement of the EcoRI fragments within the cloned viral DNA insert (and hence the relative orientation of viral DNA sequences within the vector), recombinant DNA and circular viral DNA were digested with BamHI and Sad. BamHI digestion yielded two virus-specific fragments common to both insert and circular viral DNA (Fig. 1, lanes 5 and 6) . Previous analysis has shown that the 1.1-Md BamHI fragment spans the junction of the 1.5-and 2.5-Md EcoRI fragments; therefore, these two EcoRI fragments must be contiguous in the cloned insert. We have established that Sacd cleavage of integrated proviral DNA yielded a 4.2-Md intemal fragment containing sequences from the 1.5-, 2.5-, and 2.0-Md EcoRI fragments (4) . Since digestion of both ARPA101 DNA and circular PrA DNA yielded an identical 4.2-Md Sacd fragment (Fig. 1, lanes 9 and 10) , we concluded that the EcoRI fragments of ARPA101 DNA must be arranged in the order 1.5-2.5-2.0 (Fig. 2B) . The orientation of the viral insert within the A vector was determined relative to the known positions of the BamHI and HindIII cleavage sites in the left and right arms of AgtWES. Digestion ofARPA101 DNA with these enzymes gave virus-specific fragments which were not present in the restriction pattern of viral DNA circles (marked with an asterisk in EcoRI site located within the terminally repeated sequence (Fig. 2A) , and the DNA fragments were resolved by agarose gel electrophoresis and transferred to nitrocellulose filters as described in the text. The virus-specific restriction fragments were detected by hybridization with 32P-ASV cDNA (10 pmol/ml; specific activity, 5 x I09 to 8 x 108 dpm/;g). Restriction fragments containing only ASV-specific sequences are designated in Md; fragments containing both ASV and A sequences are designated by an asterisk. Lane 1, uncut ARPA101 DNA. Lane 2, uncut DNA isolated from PrA-infected QT6 cells; L, linear DNA (6.0 Md), I, forrn I DNA (3.5 Md), and II, forrn II DNA (10 to 12 Md). Lanes 3, 5, 7, and 9, XRPA101 DNA; lanes 4, 6, 8, and 10, PrA-ASV DNA from infected QT6 cells. Molecular masses were determined by parallel electrophoresis of HindIII digested A DNA. munication). Therefore, sequences corresponding to the 3' end of the RNA genome are present at the 5' end of the viral insert. The viral inserts of XRPA102 and -103 have resulted from the cleavage of circular viral DNA at the EcoRI site located in the env gene ( Fig. 2A) .
Digestion of XRPA102 DNA with either EcoRI or PvuI yielded a 340-base-pair fragment, consistent with this clone containing two copies of the terminally repeated sequences (data not shown). A similar analysis of XRPA101 and -103 DNA did not yield a 340-base-pair fragment, and therefore these clones contain a single copy of the terminally repeated sequence (Fig. 2B) . Figure 3 (Fig. 3) . Digestion of ARPA101 DNA with HindIII yielded a 2.2-Md intemal virusspecific DNA fragment (Fig. 2, lane 7) . HindIll digestion of circular PrA-ASV DNA yielded a major virus-specific DNA fragment of 6.0-Md and a minor fragment of 2.2-Md (Fig. 2, lane 8) . This observation suggests that the viral insert of ARPA101 DNA was derived from a viral DNA species present in the original circular viral DNA preparation. XRPA102 DNA contains a HindHI site within the terminally repeated sequence (Fig. 2) tained within clones XRPA101, -102, and -103 was tested in the following manner. Recombinant phage DNA was subjected to partial EcoRI digestion and fractionated by agarose gel electrophoresis, and the genome length (6.0-Md) viral DNA was recovered by electroelution. Genome length DNA obtained from each clone was ligated with T4 DNA ligase, and the products were resolved by agarose gel electrophoresis (Fig. 5) . DNA, having the mobility of form I DNA (3.5 Md), linear DNA (6.0 Md), and dimeric or form II DNA (12 to 14 Md) were recovered by electroelution and used to transfect secondary cultures of chicken embryo cells (6, 10) . Table 1 (3, 12, 17, 27 
